Background: Psoriasis is a systemic inflammatory disease characterized by epidermal proliferation in the skin. Altered lipid metabolism is considered to be a central factor in the psoriatic etiopathogenesis. Thus, it is necessary to visualize chemical specificity of the samples for better medical diagnosis and treatment. Here, we investigate its role in the development of psoriatic lesions, before and after ultraviolet phototherapy, in a case study. Methods: The distribution and morphology of different lipids and fibrous proteins in psoriatic (lesional) tissues were visualized by two complementary label-free imaging techniques: 1) non-linear microscopy (NLM), providing images of lipids/proteins throughout the skin layers at submicrometer resolution; and 2) mass spectrometry imaging (MSI), offering high chemical specificity and hence the detection of different lipid species in the epidermal and dermal regions. A conventional method of histological evaluation was performed on the tissues, with no direct comparison with NLM and MSI. Results: Psoriatic tissues had a higher lipid content, mainly in cholesterol, in both the epidermal and dermal regions, compared to healthy tissues. Moreover, the collagen and elastin fibers in the psoriatic tissues had a tendency to assemble as larger bundles, while healthy tissues showed smaller fibers more homogeneously spread. Although phototherapy significantly reduced the cholesterol content, it also increased the amounts of collagen in both lesional and non-lesional tissues. Conclusion: This study introduces NLM and MSI as two complementary techniques which are chemical specific and can be used to assess and visualize the distribution of lipids, collagen, and elastin in a non-invasive and label-free manner.
Introduction
Psoriasis is an inflammatory immune-mediated disease affecting primarily the skin and potentially the joints and other tissues. 1, 2 The prevalence of psoriasis is estimated as 120-180 million people worldwide. 3 Plaque psoriasis is clinically presented by thick, scaly, and sometimes itching lesions distributed on the scalp, trunk, and extensor sides of the limbs. Mild to moderate disease is usually treated with narrowband ultraviolet B therapy (NBUVB), 4, 5 and severe psoriasis is treated with systemic therapies including biological drugs. 6 Ultraviolet (UV) rays have an important role to play in the healing of skin disorders and hence are a very common treatment for varied skin disorders.
However, in the past few decades it has become clear that psoriatic skin lesions are just one of many symptoms of this systemic disease, which is also associated with increased risks of cardiovascular disease, hypertension, atherosclerosis, diabetes mellitus type 2, and obesity, as reviewed by Tobin et al. 8 Dysfunctional lipid metabolism is proposed as one of the central underlying mechanisms, resulting in altered ceramide/phospholipid/cholesterol contents [9] [10] [11] and lipid structures 12 in the epidermis, as well as abnormal cholesterol levels in the lipoprotein fractions in blood plasma. 9, 13, 14 There is evidence that all these changes are caused by altered cholesterol efflux capacity. 12 To understand the role of and target the altered lipid metabolism in psoriatic skin lesions, there is a great need for new technologies allowing the visualization of the distribution of lipids throughout the skin layers at high spatial resolution and with high chemical specificity.
The diagnosis of psoriasis is often clinical. Both the diagnosis and the effect of treatment in psoriasis are highly reliant on inspection of scaly patches on the skin and dermoscopy and histopathological images, which limits doctors to information that has changed at the chemical level. 15 Clinicians use standard biopsied tissues with H&E staining for identifying specific psoriatic markers, but are limited to bright-field images and single-photon microscopy. 16 This routine procedure does not allow detection of changes at the lipid level.
In this study, we introduce a combination of non-linear microscopy (NLM) 17, 18 and mass spectrometry imaging (MSI) 19, 20 to map distributions of different lipid species with high spatial resolution, along with changes in the morphology and contents in fibrous skin matrix proteins. The lipid-associated psoriasis markers can be established with high sensitivity and specificity, 15 and be associated to the treatment strategy and dosage. This is the first time that these two label-free techniques have been combined to obtain high-quality imaging and semi-quantitative molecular information from psoriasis tissue, and our findings indicate the applicability of this technique for future studies. NLM is based on the non-linear processes that take place in a material by excitation with multiple photons, providing various advantages. [21] [22] [23] [24] The coherent anti-Stokes Raman spectroscopy (CARS), and two-photon excitation fluorescence (TPEF) and second-harmonic generation (SHG) microscopy techniques provide complementary information on the molecular composition and organization of skin. 17 They map entities rich in carbon-hydrogen (C-H) bonds such as lipids and proteins (CARS), 25, 26 inherent fluorophores present in the skin such as keratin, 27 NADH and elastin 28 (TPEF), 29 and fibrous proteins such as collagen (SHG). 30, 31 MSI and especially time-of-flight secondary ion mass spectrometry (ToF-SIMS), one of the most sensitive analytical techniques in surface science, has become a powerful technique for determining, mapping, and visualizing the distribution of endogenous biological molecules. 32, 33 ToF-SIMS is an ultra-high-vacuum technique in which a high-energy and focused ion beam is used to bombard, ionize, and analyze the surface of a solid sample, providing information about chemicals and the composition of the analyzed surface. The technique is well suited to the detection of elements, lipids, and metabolites 20, 34 with mass to charge ratios up to m/z 1,000-1,500 and a lateral resolution from 200 nm to 1-2 μm. 35 The samples in ToF-SIMS-based MSI can be directly used for analysis and the technique requires no pretreatment, such as labeling with probes or coating with matrix, which makes it particularly efficient for non-targeted analysis of tissue sections, [36] [37] [38] [39] and for a multi-modal approach with NLM.
There have been several studies on different multimodal approaches for the study of skin and other biological systems. 16, [40] [41] [42] We conduct a study on the combination of NLM and MSI, illustrating its strength for the visualization of lipids and structural matrix proteins, where NLM provides high spatial resolution in three dimensions and MSI provides high chemical specificity for the identification of different lipid species. Moreover, we are interested in comparing the information acquired from NLM and MSI with findings on routine histological evaluation. In particular, this study brings forward new perspectives by highlighting various aspects in the fast and effective analysis of psoriatic tissue, which include: 1) performing a case study on a psoriatic lesion before and after treatment with NBUVB radiation in comparison with healthy tissue from the same patient; 2) examining the tissue samples via multi-modal techniques, namely NLM and MSI; 3) combining qualitative information from CARS, SHG, and TPEF with quantitative information and chemical specificity produced by ToF-SIMS; and 4) characterizing the different layers of the skin. The highlights of the two techniques are that NLM provides information on the overall chemical composition of the skin while ToF-SIMS demonstrates the chemical specificity at the molecular level. In this report, we present evidence on the effectiveness of the two complementary techniques to be used for characterization of lipid contents and structural proteins in psoriatic tissues. This pioneering knowledge can increase our insight into the pathophysiology of psoriasis and its relationship to altered lipid metabolism. 43 Through this study, we are able to demonstrate the characterization of psoriatic, lesional tissues along with healthy tissues before and after NBUVB treatment using two techniques, NLM and MSI. The techniques complement each other well, with one giving visual structural details of different chemical components in the skin and the other exemplifying the molecular composition of the different chemical components in the skin tissue, with lipid content and collagen structure as specific markers. Our aim is to introduce these two techniques to dermatologists as easy and time-saving methodologies providing detailed results for diagnostic and treatment considerations in psoriasis. Furthermore, this pioneering knowledge can increase insight into the pathophysiology of psoriasis and its correlated conditions, including disturbances in lipid metabolism. 43 
Materials and methods

Patient details and sample preparation
A female patient aged 60 years (with skin type III according to Fitzpatrick), 44 and psoriasis significantly improved (PASI =0.6). Four 4 mm punch biopsies were taken, one from intralesional psoriatic skin and one from perilesional healthy skin (about 2 cm from the psoriasis plaque) before and 24 hours after the last NBUVB session (Table S1 ). The biopsies were wrapped in aluminum foil and frozen at −70°C. Each sample was sectioned into 10 μm thin slices and placed on conductive glass slides. The whole process is illustrated in Figure S1 . The sections on the slides were used as they were for NLM and ToF-SIMS measurements; no treatment was done before the measurements. For histological assessment, the frozen sectioned slides were stained with H&E ( Figure S2 ). The SHG and TPEF epi-collection was separated by a DiO2-R442 dichroic mirror. The laser power impinging on the sample was around 6 mW and 7 mW for the pump and Stokes beams, respectively. The samples were characterized by NLM with simultaneous CARS, SHG, and TPEF imaging at emissions of 663 nm, 405 nm, and 514 nm, respectively. CARS, SHG, and TPEF signals were collected with band-pass filters 661/20, 405/10 and 514/ 30 respectively. Z-stacks were acquired for each sample, with 0.5 μm step size for the 10 µm sample thickness. Each single acquisition in the Z-stack was taken in 53 seconds with a resolution of 512 pixels for a 168.4 µm field of view. Analysis was performed on two regions per two samples. The images were processed in ImageJ software. The outline of the set-up is shown in Figure S3 .
NLM and analysis
ToF-SIMS and analysis
All samples were analyzed using a TOF.SIMS 5 instrument (ION-TOF, Münster, Germany) equipped with a Bi cluster ion gun. Data were acquired in the high-current bunch mode (mass resolution m/Δm=∼5000), 45 with a pulsed primary ion current of 0.30 pA at 25 keV. The ion dose density of Bi 3+ was kept at <2×10 11 ions/cm 2 and therefore below that of the static limit, ie, <10 13 ions/cm 2 , to minimize surface damage. Low-energy electrons were used for charge compensation. All ToF-SIMS spectra and images were acquired and processed using the Surface Lab software (version 6.3; ION-ToF, Münster, Germany 
Statistics
To assess changes in collagen and lipid species among the samples from the patient, three specific region of interest (ROIs) on both epidermis and dermis were separately created and semi-quantitatively evaluated using Welch's t-test. Welch's t-test is often used to assess MSI data. 46, 47 This statistic is robust for testing means unless the distribution is non-normal or the size of the groups is very different.
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Results
Label-free imaging of psoriatic tissue
The collagen content, as well as some specific lipid species such as phosphatidylcholine, cholesterol, and diacylglycerols (DAGs), were mapped in the skin tissue sections from control lesions and psoriasis lesions before and after NBUVB treatment, using NLM and ToF-SIMS imaging. For ToF-SIMS, by reference to previously reported literature, 33 the following mass peaks were assigned as The advantages of optical NLM are submicrometer spatial resolution, chemical specificity allowing separation of major categories of biomolecules (lipids vs proteins), labelfree detection, and minimum photo-damaging (use of nearinfrared [NIR] laser light). In CARS microscopy, an enhanced signal is generated when two photons with a slight energy (ie, wavelength) difference interact with a molecule by matching the energy difference to that of a resonant inherent molecular vibration, further probed by a third photon. Here, we map lipids by probing the 2850 cm −1 vibration characteristic of the C-H stretch vibration of the lipid acyl chain. 25 Furthermore, TPEF signals in the blue/ visible region are generated from inherent fluorophores present in the skin upon the absorption of two NIR photons. Here, elastin, NADH, and keratin are the most important contributors in skin. 27, 28 Lastly, the SHG signal is produced when two NIR photons interact with the target molecule and generate higher order vibrations at double the frequency. They sum up constructively for non-centrosymmetrical molecules such as collagen. 49 Since the epidermal stratum corneum consists of anucleate, flattened cells filled with keratin, being embedded in lipids, cholesterol, free saturated fatty acids and ceramides, 50 it shows up well in both the CARS and the TPEF images, though representing the distribution of lipids and keratin, respectively. Because of the intracellular contents of lipid-rich lamellar bodies, 51 and keratin in the keratinocytes below the stratum corneum, they can also be distinguished based on their molecular contents in both the CARS and TPEF images. In the dermal layer, lipids in the sebaceous glands (CARS), elastin/NADH (TPEF), and collagen (SHG) show up on the corresponding images. However, as a result of refractive index mismatch at the interfaces of the collagen fibers, they appear in the CARS images as shadowing artifacts. 52 This can be compensated for by subtracting the non-resonant background, influenced by the same phenomenon.
Histopathological analysis
Histological evaluation of the lesional sample 1 (before treatment) represents typical findings of psoriasis. There is a confluent parakeratotic surface, psoriasiform elongated rete ridges, missing granular cells layer, and perivascular lymphohistiocytic inflammation ( Figure S2 ). Histologically, the lesional sample 2 (after treatment) represents chronic dermatitis, ie, it does not fulfill the criteria of psoriasis but is not completely histologically healed. There is irregular acanthotic epidermis with narrow long rete ridges. There is also focal basal pigment, probably due to the phototherapy. No parakeratosis is visible. A layer of granular cells is visible. There is mild perivascular lymphohistiocytic inflammation ( Figure S2 ). Sample 3 (healthy skin before treatment) could not be analyzed using histopathology owing to artifacts during the processing of the sample. Nevertheless, sample 3 could be easily characterized using the multi-modal microscopy approach. Healthy sample 4 (after treatment) showed histological findings of normal skin without signs of inflammation or psoriasis. In this biopsy sample, light basal pigmentation is also visible, probably due to the phototherapy ( Figure S2 ).
Distribution of collagen and lipid species in epidermis
The epidermis region is the foremost layer, consisting of the epithelium (red) and basal lamina (purple), as indicated in the bright-field images of Figure 1 . Our first observation relates to the size of the epithelium layer of the epidermis. The thickness of the epithelium region is around 60 µm for the lesional samples 1 (before treatment) and 2 (after treatment) and 15-20 µm for the healthy samples 3 (before treatment) and 4 (after treatment). This indicates that the epithelium in the case of psoriasis tissue increases approximately three-to four-fold. This thickening of the epidermis can be detected in routine histology. In addition, after NBUVB treatment for both samples 2 and 4, there is not much change in the epithelium size from their respective skin conditions, either psoriatic or healthy. Unlike the processing of histological sample 3, NLM and MSI measurements and analysis were unaffected by the sample preparation methodology. From the first channel CARS (red) of sample 1 (lesional tissue before treatment), a layer of tissue is observed just below the epithelium signifying a high concentration of C-H bonds, as shown by an arrow in the CARS channel of row 1, which is absent in samples 2 (lesional tissue after treatment), 3 (healthy tissue before treatment), and 4 (healthy tissue after treatment). This accumulation of C-H bonds in the psoriatic tissue appears to be mainly lipids, since ToF-SIMS could detect a clear enrichment of cholesterol (m/z 369) in the epidermis area. This cholesterol-rich region appeared to be immediately affected by NBUVB treatment since it did not appear in the healthy or NBUVB-treated tissues. From the second channel SHG (green), no collagen is observed in the basal lamina region of the epidermis for any of the sample conditions, except in the bulky mass below the epithelium in the lesional sample 1. Moreover, the TPEF channel shows a higher presence of elastin and NADH in the epithelium of the healthy tissue in samples 3 and 4 and treated psoriatic tissue of sample 2 than in the lesional sample 1. It is mostly present in the bulky layer below the epithelium in the lesional sample 1. The ToF-SIMS technique was used to statistically elucidate the changes in signal intensity of collagen and lipid species among the samples. The average values of these peaks, which were collected from three specific ROIs on the epidermis region of each skin section, are shown in Figure 2 (p≤0.05, significant values marked with asterisks). The effect of psoriasis on collagen, as well as phosphatidylcholine, cholesterol, and DAG lipid species, in the epidermis region of the skin is shown in Figure 2(A) , where lesional tissue before treatment (sample 1) was compared with healthy tissue before treatment (sample 3). There average intensities of all collagen-related peaks (m/z 30, 43, 44, and 81) appear significantly higher in the healthy sample, whereas cholesterol (m/z 369) is significantly decreased compared to the lesional skin. 54, 55 No significant changes are observed for phosphatidylcholine (m/z 184) between lesional and healthy samples 1 and 3 before NBUVB treatment. To see the effect of NBUVB treatment on psoriasis, the average intensities for the lesional samples 1 and 2, before and after treatment, respectively, were compared, as shown in Figure 2 Figure 2 Intensity histograms from time-of-flight secondary ion mass spectrometry measurements on the epidermal region in skin tissue from untreated lesional and healthy and treated lesional and healthy biopsies: Normalized intensity for collagen species at m/z 30, 43, 44, and 81, for phosphatidylcholine head group at m/z 184, for cholesterol at m/z 369 and diacylglycerol lipid species, in (A) lesional sample 1 (blue) vs healthy sample 3 (red), (B) lesional sample 1 (blue) vs NBUVB-treated lesional sample 2 (red), and (C) healthy sample 3 vs NBUVB-treated sample 4. In all charts, the bar heights show the average value and the error bars show the 95% CI for each peak from three regions of interest from the epidermis. **Significant at p≤0.05. Abbreviation: NBUVB, narrowband ultraviolet B.
To visualize and localize these species on tissue sections, they are separately selected and imaged across all samples ( Figure S5 ). The data seen in the statistical assessment are consistent with the distribution in the images, in particular for the healthy treated sample 4 shown in Figure S5 
Distribution of collagen and lipid species in dermis
The dermis region is the second layer of the skin after the epidermis, and the location is indicated as green lines in the bright-field images of Figure 3 . From the CARS channel (red), the lesional sample 1 and the healthy tissue sample 3 have areas of high amount of C-H bonds, identified as lipids such as cholesterol and DAGs by ToF-SIMS in the dermis area (as shown by white arrows in the CARS channel). After NBUVB treatment, both healthy samples 2 and 4 show that the lipid content appear to become more uniform in the dermis, suggesting a change in the tissue to a healthy state after treatment. In addition, the collagen signal from the SHG channel in the dermis region appears bundled up in the lesional tissue before treatment in sample 1; after treatment with NBUVB in sample 2, the collagen becomes more uniformly distributed. In comparison to the healthy tissue before treatment, sample 3, and after treatment, sample 4, the collagen appears more uniform and composed of small, thin fibers. Hence, NBUVB treatment appears to be able to restore the collagen in lesional tissue to a state similar to collagen in healthy tissues, which corresponds well with the fact that NBUVB is known not only to increase collagen levels but also to homogenize collagen in the skin tissue. 53, 54 The TPEF signals decrease for samples 2 and 4, ie, after NBUVB treatment with respect to their respective counterparts, thus indicating the same phenomena observed with collagen but now with elastin. Looking at the overlay of CARS and SHG images of the lesional sample 1, it is clear that collagen and lipids appear in separate regions, not overlapping each other, in the diseased sample 1. In contrast, after treatment, the two components, lipids and collagen, seem to occupy the same region.
MSI was also used in the dermis to track changes in signal intensity of collagen and lipid species in the samples, as shown in Figure 4 . Two samples, from lesional tissue before treatment (sample 1) and healthy tissue before treatment (sample 3), were statistically compared, as shown in Figure 4(A) . The collagen-related peaks (m/z 30, 43, and 44) are noticeably enhanced, whereas cholesterol (m/z 369) and some DAG species (m/z 519, 521, and 549) are substantially decreased in the healthy sample before treatment (sample 3). When comparing the lesional samples before and after treatment (samples 1 and 2, respectively), as illustrated in Figure 4 Looking at corresponding image data on the dermis region of tissue sections illustrated in Figure S6 , it can be clearly seen that collagen signals (m/z 30, 43, 44, and 81) have higher intensities in the healthy tissue before treatment (sample 3) than in the lesional tissue before treatment (sample 1) (shown in Figure S6 
Discussion
It is evident from both NLM and ToF-SIMS data in the epidermis region that the lipidic content as observed in the epithelium (from NLM) is primarily composed of cholesterol (from ToF-SIMS) in the lesional tissue before treatment (sample 1) as compared to the healthy tissues (samples 3 and 4). This effect of an increase in cholesterol, especially in blood plasma and epidermis regions of the skin, has already been found in patients with severe psoriasis, who later develop issues related to high cholesterol, or vice versa. 55, 56 After NBUVB treatment on lesional tissue of sample 2, the cholesterol level decreases, as visualized by NLM and ToF-SIMS. Overall, in both epidermis and dermis regions of skin tissue, collagen is increased after NBUVB treatment. We observed a lower amount of collagen in the lesional samples 1 and 2 compared to the healthy samples 3 and 4 before and after treatment. Collagen was significantly increased in lesional tissue after treatment (sample 2) compared to lesional tissue before treatment (sample 1) after the NBUVB treatment, but this amount was still less than the amount of collagen in sampled 3 and 4, which were considered healthy.
The highest amount of collagen was detected in sample 4, a healthy sample after NBUVB treatment.
In addition, cholesterol and some specific DAG lipid species were significantly enhanced in the lesional samples compared to the healthy samples. No significant changes in DAG components were observed in sample after NBUVB treatment. No significant changes of phosphatidylcholine could be seen, either between the lesional samples 1 and 2 or between the lesional sample 1 and the healthy sample 3. Yet, phosphatidylcholine was significantly increased in the healthy sample after NBUVB treatment compared to the healthy sample 3; thus, the highest amount of phosphatidylcholine was observed in the healthy tissue after NBUVB treatment.
A more comprehensive characterization of the lipids and collagen in lesional and healthy skin of psoriasis patients is desired to understand the role of these molecules in the pathogenesis of the disease. The visualized changes in the skin by label-free, multimodal imaging could be used not only in diagnostics but also as a potential predictor of response to the psoriasis treatment. There is a lack of biomarkers that can be used to predict the treatment response, and therefore this work could contribute toward the further investigation of chemical changes in the skin related to the severity of the disease or to the efficacy of the obtained treatment, in particular when many new biological drugs are on the march. The NLM tool can also be used in vivo for immediate visualization of the skin condition with real-time data and images of treatment.
Conclusions
The combination of the two techniques presented here provides a plethora of information that could further develop the understanding of psoriasis and the effect of NBUVB treatment as compared to routine histopathological evaluation. A direct comparison of histological data cannot be offered since it does not show the lipids or collagen with H&E stain. The NLM and MSI indicate that NBUVB treatment lowers the lipid content, especially cholesterol content, in the skin. In both epidermis and dermis regions of skin tissue, collagen is increased after the NBUVB treatment. The highest amount of collagen was detected in sample 4, a healthy sample after NBUVB treatment. NLM detected a structural change in the collagen after the NBUVB treatment (see Supplementary materials for details). Clinically, we observed a visual effect of healing of the lesional tissue on the surface after NBUVB treatment, leaving behind postinflammatory hyperpigmentation. There was no visual indication of the healing of sublayers from the observation of surface features. 
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